Purpose This study aimed to obtain reference values of lumbar lordosis (LL) and lower LL (LLL) from normal asymptomatic groups, determine the relationship between them and pelvic incidence (PI), and establish the predictive formula for ideal LLL in the elderly Korean population. Methods Standing plain lateral radiographs of the whole spine, including the pelvis, were analyzed in asymptomatic adult male volunteers without back pain or prior surgery involving the spine or lower extremity. Volunteers with scoliosis, spondylolisthesis, segmental disk space narrowing, and/or compression fractures in the radiographs were excluded. The following parameters were measured: LL, LLL, and pelvic parameters including PI. The values of PI-LL and PI-LLL were calculated, and the formula using stepwise multiple regression analysis was made. A P value of < 0.05 was considered statistically significant. Results The study participants included 150 volunteers. All were male participants with an average age of 64.1 ± 6.4. The average value of height, weight, and body mass index was 167.0 ± 5.5 cm, 67.3 ± 9.8 kg, and 24.1 ± 3.1 kg/m 2 , respectively. The average LL was − 57.5° ± 9.0°, LLL was − 41.7° ± 7.0°, and PI was 48.6° ± 8. 
Introduction
Pelvic incidence (PI) is an individual anatomical parameter, and it does not change along lifetime in any condition [1, 2] . In pathological condition, although all the positional Seung-Jae Hyun and Sanghyun Han have contributed equally to this work and co-first author.
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Extended author information available on the last page of the article parameters may vary, only the PI can be used to predict the ideal sagittal shape of spine postoperatively. Therefore, attempts were made to explain pelvic and spinal sagittal parameters with PI [1] [2] [3] [4] [5] .
Among these attempts, the formula "pelvic incidence minus lumbar lordosis (PI-LL)" has been used as the most useful analogue to present the lordosis angle of the lumbar spine when performing spinal reconstructive surgery [3, 5] . Although this formula is relatively reliable and simple to use, several difficulties are encountered when applying to specific areas of the spinal disease and treatment. First, this formula was derived from the health-related quality of life (HRQOL) of adult spinal deformity patients, not from those with a normal spine. Second, this formula applies to all adult patients diagnosed with spinal deformity and age over 18 years, not to the age range of the patients we want to treat. Thus, due to this broad indication, it can be assumed that this formula (PI-LL) has a wide range of values from − 9° to + 9°. Third, this formula computes only the entire lumbar lordosis, not the segmental angle in the lumbar spine. Recently, Inami et al. [6] reported that an optimal PI-LL value is not a constant value, and a significant correlation was shown between the PI-LL and PI.
Especially, lower lumbar spine surgeries comprise the majority of spinal surgeries performed by a spine surgeon. Barrey et al. [7] reported that two-thirds of the LL was located in lower lumbar spine between L4 and S1. With the advent in technologies, the precise lordosis if it is known with preoperative planning can be introduced. Therefore, knowing the normal value of LL and lower lumbar lordosis (LLL) according to the PI value is considered to be an essential step in setting goals for the treatment of degenerative spinal diseases. However, the precise value of lower lumbar lordosis and the relationship with PI have not been presented in normal elderly population. This study aimed to obtain reference values of LL and LLL from normal asymptomatic groups and determine the relationship between them and PI in the elderly Korean population. Moreover, the parameters obtained from this study if considered standard can be used to determine abnormal sagittal balance in pathological conditions.
Materials and methods

Patient population
This study was approved by an institutional review board. Sagittal spinal radiographic parameters between March 2007 and September 2010 from male volunteers who had a healthy asymptomatic spine were investigated. These volunteers were enrolled when they did not have any problems as follows: no history of trauma, spinal disease including scoliosis, spondylolisthesis, segmental disk space narrowing and compression fractures in standing plain lateral radiographs, history of spinal surgery, history of hip joint osteoarthritis or pain in the spine, hip and lower extremity. The subjects with an acute or chronic pain in the spine, hip and lower extremity were excluded.
Radiographic measurement
Standing plain lateral radiographs of the whole spine including the pelvis in asymptomatic adult male volunteers were analyzed. A total of 183 patients were recruited in this study, and the 33 subjects were excluded: There were seven cases of scoliosis over 10° in coronal plane, one case of pelvic tilting due to leg length discrepancy, eight cases of wedging of vertebra, nine cases with one or two segments narrowing, four cases of bilateral isthmic defect, and four cases of subjects with metallic foreign bodies (oriental acupuncture) in their back muscles. Finally, 150 patients were included in this study. The method of taking the standing radiographs was followed by that of Horton et al. [8] . Radiographs were stored into picture archiving and communication system (PACS, Maroview ® ; Marotch, Seoul, Korea) in the format of digital imaging and communications in medicine (DICOM). Radiographic measurements were performed using a ruler and protractor function in Maroview ® PACS. Various sagittal distance and angular parameters were measured by a board-certified orthopedic spine surgeon (Y.B.K.).
The distance parameters of sagittal vertical axis were measured plumb lines of C7 (C7PL), T12 (T12PL), and lumbar apex (LAPL) and that of the posterosuperior corner of S1 upper endplate (UEP). Sagittal angular parameters were as follows: thoracic kyphosis (TK) between T5 UEP and T12 lower endplate (LEP), thoracolumbar kyphosis (TLK) between T10 UEP and L2 LEP, and lumbar lordosis (LL) between T12 LEP and S1 UEP (negative value: lordosis; positive value: kyphosis). The LL was subdivided into three segments: upper lumbar lordosis (ULL) between T12 LEP and L2 LEP, middle lumbar lordosis (MLL) between L2 LEP and L4 UEP, and lower LL (LLL) between L4 UEP and S1 UEP, of which each has two disk spaces (Fig. 1a) . Sagittal angular parameters in the pelvis were defined as follows: Sacral slope (SS) was defined as the angle between the horizontal line and the line composing S1 UEP, and pelvic incidence (PI) was the angle between the line perpendicular to the line composing S1 UEP at its center and the line connecting this point to the bicoxofemoral axis. Pelvic tilt (PT) was defined as the angle between the line connecting this center of S1 UEP to the bicoxofemoral axis and vertical line (Fig. 1b) .
Statistical analysis
To quantify consistency of the results, we repeated the measurements of all the data. Intraclass correlation coefficients were calculated to determine how well the measurements were correlated (perfect reliability, 1.0; near-perfect reliability, 0.8-0.99; substantial reliability, 0.6-0.79; poor reliability, < 0.59). The correlations among various sagittal parameters were investigated using the Pearson correlation coefficient. The values from PI minus LL and PI minus each subpart of LL were calculated. The equations using simple linear regression analysis were made from the correlations between PI and PI-LL, PI-LLL, LL, or LLL. Then, predictive formula with fewer relevant variables including PI, the individual anatomical parameter, for LL and LLL was made using stepwise multiple regression analysis of the above parameters. A P value of < 0.05 was considered statistically significant. These statistical analyses were performed using the SPSS version 22.0 (IBM Corporation, Armonk, NY, USA).
Results
Intraclass correlation coefficient data and demographic data
All parameters of intraclass correlation coefficient are more than 0.8 except the lumbar apex (method of Shrout and Fleiss [9] ), and they showed that they were near-perfect reliability between two measurements ( Table 1) . The study participants included 150 volunteers. All were male participants with an average age of 64.1 ± 6.4. The average value of height, weight, and body mass index (BMI) was 167.0 ± 5.5 cm, 67.3 ± 9.8 kg, and 24.1 ± 3.1 kg/m 2 , respectively ( Table 2) .
Sagittal parameters
The distribution of volunteers according to the PI was as follows: PI < 40°, 40° ≤ PI < 50°, 50° ≤ PI < 60°, and 60° ≤ PI were 25, 68, 45, and 12, respectively. The sagittal parameters in this study were as follows: The distances from the posterosuperior corner of the sacral upper endplate to C7PL, T12PL, and LAPL were − 0.2 ± 2.8 cm, − 2.0 ± 1.7 cm, and 2.4 ± 0.7 cm, respectively. The sagittal spinal angular parameters were 30.0° ± 8.8° in TK, 9.9° ± 7.5° in TLK, and − 57.5° ± 9.0° in LL. In the lumbar lordosis, ULL, MLL, and LLL were − 1.9° ± 6.1°, − 16.1° ± 5.2°, and − 39.7° ± 6.8°, respectively. The pelvic parameters were 48.6° ± 8.6° in PI, 37.3° ± 6.8° in SS, and 11.3° ± 6.4° in PT (Table 3 ). The proportion of LLL against the LL was 69.7 ± 11.7%. Fig. 1 Measurements of radiological parameters. a Thoracic kyphosis (TK) is defined as the angle between T5 upper endplate (UEP) and T12 lower endplate (LEP); thoracolumbar kyphosis (TLK), T10 UEP and L2 LEP; lumbar lordosis (LL), T12 LEP and S1 UEP; upper lumbar lordosis (ULL), T12 LEP and L2 LEP; middle lumbar lordosis (MLL), L2 LEP and L4 UEP; and lower LL (LLL) between L4 UEP and S1 UEP. The distance parameters of sagittal vertical axis were measured plumb lines of C7 (C7PL) and that of the posterosuperior corner of S1 UEP. b Pelvic parameters. Sacral slope (SS) was defined as the angle between the horizontal line and the line composing S1 UEP, and pelvic incidence (PI) was the angle between the line perpendicular to the line composing S1 UEP at its center and the line connecting this point to the bicoxofemoral axis. Pelvic tilt (PT) was defined as the angle between the line connecting this center of S1 UEP to the bicoxofemoral axis and vertical line
Correlations among various sagittal spinopelvic parameters
Strong correlations were observed between SS and LL (r = 0.764, P < 0.001) and SS and PI (r = 0.684, P < 0.001). PI was also correlated with LL (r = 0.590, P < 0.001) and LLL (r = 0.288, P < 0.001). There were correlations between LL and TK (r = 0.437, P < 0.001), LLL and TK (r = 0.164, P < 0.001), and LLL and sacral slope (r = 0.564, P < 0.001). These correlations are detailed in Fig. 2 . Moreover, the PI is correlated with PI-LL (r = 0.415, P < 0.001) and PI-LLL (r = 0.718, P < 0.001).
Predictive formula of PI-LL, PI-LLL, LL, and LLL
The values of PI minus LL and PI-LLL were − 8.9° ± 7.7° and 9.0° ± 9.3°, respectively. The relationships between those values and PI were as follows. PI minus LL: PI-LL = 0.38 × PI − 27.61 (R 2 = 0.172); PI-LLL = 0.77 × PI − 28.69 (R 2 = 0.516) (Fig. 3) . The predictive formulas of LL and LLL were also established using those parameters with stepwise regression analysis. 
Discussion
Correlations among various sagittal spinopelvic parameters
In terms of anatomy, the relationship between LL and SS is essential. The larger the SS, the greater the value of LL. In addition, the thoracic spine and lumbar spine are connected through the thoracolumbar junction, and the curvature of each other is compensated for the uprightness of the human being. By the formula PI = SS + PT [1] , the range of the SS is a value that cannot but be determined by PI. Therefore, the larger the PI, the greater the SS. Finally, because PI is the value of individual intrinsic value, we try to explain all the sagittal and pelvic parameters with PI. If so, LLL is a fraction of LL. Due to this point, the correlation coefficient between LLL and SS is smaller than the correlation coefficient of LL. Conversely, the fact that the correlation coefficients between LLL and SS are smaller than the values generated by LL and SS can be said to be the default values without large fluctuation. In other words, it can be said that the LLL basically does not change greatly according to the PI but must occupy a certain range of values.
Pelvic incidence and lumbar lordosis
It is of prime importance to make the balance in sagittal plane by the operation that creates the lumbar lordosis [10] [11] [12] [13] . Pelvic incidence plays a key role in the determination of the proper degree of lumbar lordosis in a patient [1, 4, [14] [15] [16] [17] [18] . Schwab et al. proposed a simple approach of "LL = PI ± 9°" based on the study of the relationship between lumbar lordosis and pelvic incidence using multiple regression analysis of an asymptomatic adult population (N = 48, mean age 48 ± 18), and it was derived from HRQOL score [2] . This formula has been verified by several authors [5, [19] [20] [21] [22] [23] . Nowadays, most reconstructive surgeries at the thoracic and lumbar spine have been aimed to meet the formula. The formula also offers the cutoff value within 10°, and a PI-LL mismatch is suggested as a potential risk factor for adjacent segment disease, proximal junctional kyphosis, and lumbopelvic fixation failure [22, [24] [25] [26] . A moderate correlation was obtained (R = 0.415, P < 0.001) with the correlation between PI-LL and PI. According to the result of this calculation, the explanatory power (R 2 ) was 0.172. From our data, PI-LL is closely related with the PI. In other words, the value of PI-LL can be larger if the PI is larger or vice versa. This is in contrast to Schwab et al. [2] and Rothenfluh et al.'s [22] studies showing the limited range of normal PI-LL value that is desired to be corrected in pathological conditions. Knowing the characteristics of PI-LL Fig. 2 Chain of correlations. LL lumbar lordosis, LLL lower lumbar lordosis. (The "X" means that there is no relationship between the two parameters.) Fig. 3 Relationships between pelvic incidence and each parameter. a PI-LL and PI, b PI-LLL and PI. PI pelvic incidence, LL lumbar lordosis, LLL lower lumbar lordosis in the asymptomatic population is necessary, and further research is needed to determine the HRQOL when this formula is set as the basis for treating patients with pathological conditions.
Lower lumbar lordosis
Although PI-LL criteria provided a valid indicator for determining the overall LL, it did not help to perform segmental fusion especially in the lower lumbar area or to perform entire lumbar fusion in harmonious shape [27] . The lower lumbar spine, defined as the upper endplate of the fourth lumbar vertebra to the sacrum, is the most important part of determining the lumbar lordosis [28, 29] . In addition, it is the most common area to do surgery in degenerative spinal diseases [30] [31] [32] [33] . Even if a single segment fixation is performed on the lower lumbar spine, the effect on the overall sagittal plane balance must be considered for optimal surgical planning. Therefore, we thought it would be important to see how LLL relates to the overall LL and other parameters. It is important to look at the relationship between LLL and other factors in the normal group and then to look at the relationship between the spine pathologic patients. Moreover, carrying out such research in the future will be necessary. In this study, we observed the correlations between PI and LLL, PI and LL (PI and LL [R = 0.590, P < 0.001] vs. PI and LLL [R = 0.288, P < 0.001]). Specifically, the correlations of PI-LLL and PI were significantly higher than that of PI-LL and PI (R 2 = 0.516 vs. R 2 = 0.172). Moreover, we also present the formulas of ideal LL and ideal LLL for PI in asymptomatic elderly population. To the best of our knowledge, no studies have investigated the ideal LLL according to PI in the asymptomatic elderly population. These results show that dividing the lumbar spine into segments rather than looking at the whole would be not only feasible but also helpful for surgical planning. However, because the formula is found in the asymptomatic population, further study of the relationship between PI-LLL and HRQOL is needed to find out whether this actually can be applied to surgical planning.
Age
Age is one of the important parameters affecting sagittal spinal parameters [34] [35] [36] [37] . A previous study presented the results from adults of a relatively wide age range (mean age 48 ± 18) [2] . When treating patients with degenerative changes, surgeons hope to obtain more accurate surgical target values according to the age of the patients than those presented by Schwab. We recruited healthy volunteers of the age-specific group (average age 64.1 ± 6.4) at which most degenerative changes in the spine develop well. These data can be a good reference for the treatment of degenerative spinal disease. This study has several limitations. First, the subject is composed only of male individuals. We did not have any women volunteers because our hospital is for veterans. Second, we analyzed only subjects within a certain age range and could not see continuous sagittal changes according to all ages. However, most of the patients treated by spinal surgeons are of advanced age. We think that this study with old age group is so valuable for lumbar spine surgery and may also provide some directions for spinal surgery. Third, our study has adopted anatomical parameters rather than adopting geometric parameters. By doing this, patient with high pelvic incidence may put lot of lumbar lordosis in the thoracolumbar region, and if we just measure lumbar lordosis, there will be a high value of PI-LL though the patient is well balanced. However, adopting an anatomical measurement method rather than choosing a geometrical measurement may lead to a particular disagreement when making measurements. Moreover, the number of PI exceeding 60° is only about 8% of the total, and our predictive formula cannot be generalized in the people who have PI significantly exceeding 60°. However, the data concerning the number of patients with large PIs is small may be a characteristic of Korean elderly patients. Recent study showed similar results [38] . Finally, included people in this study were the current elderly patients in Korea and the fit BMI was a characteristic of the patients. However, it is difficult to apply our findings to higher BMI people. Future research involving people with evenly distributed BMI is also needed.
Conclusions
The ideal values of PI-LL and PI-LLL were inconsistent, and they have a positive correlation with PI in asymptomatic elderly population. Our data would be helpful as an important normal reference value of ideal LL and LLL according to PI.
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